Abstract: This paper presents an application of low-coherence interferometry for measurement of mode field diameters (MFDs) of a few-mode fiber and shows its performance compared with another method using a mode multiplexer.
INTRODUCTION

I.
Mode-division multiplexed (MDM) transmission using few-mode fibers (FMFs) are considerably affected by modal crosstalk (MXT) and mode-dependent loss (MDL) [1] . The MXT and MDL are induced by mismatching of mode fields at splicing/contacting points of few-mode fibers/devices; therefore, the estimation of mode field mismatching is necessary to design and develop few-mode components and MDM systems [2, 3] . Mismatching of mode fields can be evaluated based on mode-field diameters (MFDs) [4] . In general, the MFDs of existing modes in a FMF can be measured by individually exciting each mode into the FMF; however, the MFD cannot be measured correctly in case that MXT at a mode exciter is considerably large. In this paper, we show an application of low-coherence digital holography [4] as a technique for measurement of MFDs in a 6-mode fiber without mode exciters. Figure 1 shows an experimental setup for measurement of MFDs in a 6-mode fiber with a mode multiplexer. The mode multiplexer used in this evaluation is based on a multi-plane light conversion [5] and its MXT is lower than15dB. The measured fiber was designed with the graded-index profile with the relative index difference of 1.1% and the core diameter of 17.6 µm so as to propagate four LP modes (six spatial modes). In this case, the design value of the MFDs for LP 01 , LP 11 , LP 21 , and LP 02 were 8.9 µm, 12.8 µm, 16.2 µm, and 16.5 µm, respectively. As a probe light, a broadband ASE source was filtered into Gaussian-shape spectrum at the center wavelength of 1550 nm with the full width at half maximum (FWHM) of 10 nm. The probe light was sequentially connected to the input ports of the mode multiplexer as exciting four LP modes individually. After the sample fiber, the probe light was collimated by an objective lens and its near-field pattern was captured by the near infrared camera constructed with the detector array of InGaAs. This camera has the dynamic range of 14bits, i.e., the pixel values were ranged from 0 to 2 14 -1. The pixel size and the number of pixels were 30 × 30 µm 2 and 320 × 256, respectively. The MFDs were evaluated from the near-field patterns of each mode with the determination of Petermann I [6] ,
EXPERIMENTS
II.
A. Setup with a mode multiplexer
where I(x,y) is the image of the near-field pattern emitted from the fiber under test, and x and y are a vertical direction and a horizontal direction on the captured images, respectively. In general, the image I(x,y) includes background noise of the camera caused by dark current, bias noise, background light, and so on. In the evaluation of Eq. (1), an image data of the background noise was captured by shutting out the probe light, and it was subtracted from I(x,y) for maximizing the peak signal-to-noise ratio (PSNR). A variable optical attenuator (VOA) was used for changing power of the probe light when evaluating the MFDs for different PSNRs. 
B. Setup with low-coherence digital holography
In the MFD measurement with low-coherence digital holography, the probe light was generated in the same way with the setup using a mode multiplexer, as shown in Fig. 2 . The filtered light was divided into a probe arm and a reference arm. The probe light and the reference light were entered into the 6-mode fiber and a standard single-mode fiber, respectively. On the probe arm, the emitted light from the fiber under test was collimated with the objective lens and separated into two polarizations by a calcite. On the reference arm, the length of the light path was shifted by a 
where τ is temporal delay corresponding to the relative position of the translation stage, θ is the angle between the probe light and the reference light on the camera, W is a circular window function for extraction of a mode field, I(x,y;τ) is a interference fringe, I p (x,y) and I r (x,y) are the intensity distribution of the probe light and the reference light, respectively. In this experiment, the MFD of each mode was also calculated using Eq. (1). 
RESULTS AND DISCUSSION
III.
A. MFD Measurement with a mode multiplexer
Firstly, we evaluate the MFDs with a mode multiplexer. Figure 3 shows near-field patterns and a background image, which were averaged over ten measurements with the setup in Fig. 1 . The intensity distribution of each mode was mingled with their degenerate modes and shaped as a spot and/or a ring by using a low-coherence light source. Figure 4 presents the projected intensity (solid line) onto the horizontal axis and the intensity level of 1/e 2 (dashed line). The average value of the background noise was ~200. This noise level deteriorates PSNR and causes measurement error because Eq. (1) includes integrals over whole images. Indeed, without subtraction of the noise image, the MFDs of LP 01 , LP 11 , LP 21 , and LP 02 were estimated from Eq. (1) as 30.8 µm, 26.0 µm, 23.6 µm, and 30.2 µm, respectively. These MFD values were obviously overestimated comparing to Fig. 4 . In contrast, with subtraction of the noise image, the average noise level could be reduced from ~200 to ~3; thus, the MFDs were calculated as 10.5 µm, 12.7 µm, 15.5 µm, and 16.3 µm, respectively. 
B. MFD Measurement with low-coherence digital holography
Next, we demonstrate the performance of the low-coherence digital holography for MFD measurement. Figure 5 shows captured images and an impulse response. The fringe image I(x,y;τ=0) was observed at the relative time τ of ±0.0 ps in the impulse response. The reference image I r (x,y) was captured while blocking out the probe light. The image without fringe patterns I p (x,y) + I r (x,y) was captured when the translation stage was significantly shifted from each peak in the impulse response. From these images, complex amplitude f(x,y;τ=0) of LP 01 was clearly extracted using Eq. (2). In the time region, the FWHM of LP 01 was 0.5 ps; thus, every mode of the 6-mode fiber could be recognized even without a mode multiplexer. In this experiment, the height of peaks on each of modes strongly depended on the condition on the input face of the fiber under test; therefore, the incident condition was adjusted while fixing the position of the translation stage on each mode. Figure 6 shows images obtained from Eq. (2). Comparing to Fig. 3 , the noise level was dramatically suppressed thanks to the window function and intensity compensation by the probe and reference images. As the result, the MFDs of LP 01 , LP 11 , LP 21 , and LP 02 were obtained as 8.5 µm, 12.2 µm, 14.8 µm, and 15.0 µm, respectively. 
C. Comparison of MFD measurements with a mode multiplexer and low-coherence digital holography
Finally, the aforementioned two methods for MFD measurements were compared based on PSNR, as shown in Fig. 7 . The open symbols show the measured MFDs with the mode multiplexer while adjusting the incident power of probe light by VOA shown in Fig. 1 . The MFDs measured with low-coherence digital holography are plotted as closed symbols. The maximum of PSNR was limited due to the dynamic range of the camera and the residual noise level after subtraction of the noise image. For the open symbols, the maximum of PSNR was 36.6dB, however, we found that it was improved up to 43.6dB for the closed symbols because the noise level was successfully reduced less than 1.0 as shown in Fig. 6 . The four curves were numerically obtained from the designed values of MFDs based on HermiteGaussian functions [7] . These curves were in good agreement with both the open and closed symbols. This result indicates that MFDs in a FMF can be measured without a mode multiplexer using low-coherence digital holography. 
CONCLUSIONS
IV.
We measured the MFDs of 6-mode fibers with the proposed low-coherence interferometer and presented a performance comparison between the proposed method and a general method using a mode multiplexer. We found that the MFDs of the FMF could be measured by low-coherence digital holography even without a mode multiplexer.
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